Introduction {#sec1}
============

Since the genesis of the field, social psychologists have shown an interest in understanding the neural underpinnings of social behavior. Functional magnetic resonance imaging (fMRI) seems an ideal method for studying how the brain affects social behavior because it offers a means of showing how interaction with social stimuli---interaction partners, sounds and images---affects brain function. But no method is perfect. fMRI has limitations, including expense and difficulty establishing causality. Although fMRI can help social psychologists peek into the brain, no neuroimaging magnet can manipulate neural activity.

Transcranial direct current brain stimulation (tDCS) offers a relatively new tool to understand the relationship between brain and behavior. Applying electricity to a targeted brain region can excite that area of the brain, modulating how people think and feel. Moreover, compared with fMRI, this method is inexpensive and safe (see Filmer *et al.*, [@ref20] for review).

Despite the increase of social psychologists harnessing this tool in the past 10 years, no existing meta-analysis examines the effects of tDCS on multiple realms of social behavior. Hence, social psychologists may have difficulty understanding whether tDCS reliably affects all social behaviors, some social behaviors or none. This meta-analysis represents the first paper synthesizing the effect of tDCS on multiple areas of social behavior. We begin by briefly summarizing how tDCS works, followed by details regarding how we conducted our meta-analysis.

How tDCS works {#sec2}
--------------

tDCS works by applying a tiny electrical current to a targeted area of the brain. It can make neurons more likely to fire or less likely to fire depending on which polarity is used (Bruoni *et al.*, [@ref9]; Filmer *et al.*, [@ref20]). With anodal stimulation, the electrical current partially depolarizes these neurons, which brings them closer to an action potential. With cathodal stimulation, the electrical current partially hyperpolarizes these neurons, which means the energy needed for an action potential is reduced (Bruoni *et al.*, [@ref9]; Filmer *et al.*, [@ref20]). Although the currents used in tDCS are exceptionally small (Nistche, [@ref43]; Fregni, [@ref24]; Brunoni *et al.*, [@ref9]), they can modulate different emotions and behaviors including aggression, motivation and decision-making (Fregni *et al.*, [@ref23]; Brunoni *et al.*, [@ref9]).

During tDCS brain stimulation, two electrodes are applied to the brain (Nitsche *et al.*, [@ref43]; Filmer *et al.*, [@ref20]). These electrodes are quite large. For example, 5 cm by 7 cm is a common electrode size ([Figure 1](#f1){ref-type="fig"}). The anode electrode is where the electricity goes into the brain. The cathode electrode is where the electricity comes out of the brain.

![Visual representation of tDCS.](nsy069f1){#f1}

###### 

The overall effect of tDCS and the effect of tDCS on different dependent variables

  DV            *k*   *N*    *d*                *Q*     *P*
  ------------- ----- ------ ------------------ ------- ------------------
  Aggression    6     339    −0.18              7.09    0.19
  Overeating    7     326    −0.29 (−0.15~c~)   7.29    0.03^\*^
  Impulsivity   9     667    −0.04              11.97   0.70
  Bias          7     447    −0.25              6.88    0.02^\*^
  Honesty       4     322    −0.06              0.22    0.57
  Risk-taking   13    676    −0.36 (−0.35~c~)   34.79   0.01^\*^
  Overall       46    2196   −0.20 (−0.10~c~)   78.17   \< 0.001^\*\*\*^

Note: Some of the numbers under *d* have numbers in parentheses next to them with a subscript of ~c~. These numbers are corrected effect sizes from using the trim and fill method. ^\*^ = *P* \< 0.05, ^\*\*^ = *P* \< 0.01, ^\*\*\*^ = *P* \< 0.001; s.d*.~weighted~* = weighted standard deviation.

Either electrode can be applied to a targeted region to stimulate the brain; anode electrodes generally cause excitation in the neurons of the target area, while cathode electrodes are primarily thought to cause inhibition in the neurons of the target area (Bruoni *et al.*, [@ref9]; Filmer *et al.*, [@ref20]). However, in cognitive domains, cathodal stimulation sometimes causes excitation instead of inhibition (Jacobson *et al.*, [@ref30]). For this reason, this meta-analysis only includes studies using anodal stimulation.

The stimulating electrode is applied to the targeted region of the cortex. The reference electrode is typically placed in the contralateral subpraorbital area, just above the eyebrow, because of excess sinus cavity located there (Bruoni *et al.*, [@ref9]; Filmer *et al.*, [@ref20]). The current at the stimulating electrode is most concentrated in that region (Fregni *et al.*, [@ref24]; Keeser *et al.*, [@ref31]), but the targeted region is not the only stimulated area. Current often travels across the path between the two electrodes, expanding the affected region beyond the targeted area (Wagner *et al.*, [@ref51]; Bikson *et al.*, [@ref5]; Stagg and Nitsche, [@ref47]). This meta-analysis consists of papers where the stimulating electrode was on the prefrontal cortex.

Role of PFC {#sec3}
-----------

The prefrontal cortex affects various social behaviors (Grafman, [@ref26]; Anderson, [@ref3]). Lesions to the prefrontal cortex in animals change social behavior (Kolb, [@ref32]; Nonneman *et al.*, [@ref44]; De Bruin, [@ref14]). More recently, fMRI work has shown that the activity in the prefrontal cortex changes during social tasks such as aggression (Eisenberger, [@ref19]; Lotze *et al.*, [@ref39]; Chester *et al.*, [@ref11]), risk-taking (Kuhnen and Knutson, [@ref34]; Rao, [@ref46]; Chein *et al.*, [@ref10]), dishonesty (Ganis *et al.*, [@ref25]; Langleben, [@ref36]; Abe *et al.*, [@ref1]) and implicit bias (Forie *et al.*, [@ref22]), among others. Thus, the prefrontal cortex is a key to social behavior.

The balance model of the brain lays a theoretical basis for how parts of the prefrontal cortex control different types of social behaviors such as aggression, impulsivity and more (Heatherton and Wagner, [@ref28]). According to this theory, one role of the prefrontal cortex is to control urges for rewards that arise from more central parts of the brain including the nucleus accumbens (NAcc). The prefrontal cortex works in a circuit with reward centers deeper in the brain. When the prefrontal cortex is more active, we are better at controlling maladaptive social impulses that may arise from the NAcc and other associated reward-sensitive regions of the brain. However, when the prefrontal cortex is less active, the balance between the two parts of the brain can become off-kilter in favor of the reward areas (Heatherton and Wagner, [@ref28]).

Because of the importance of the prefrontal cortex to social behavior, we narrowed the scope of this meta-analysis to just that region. Different sub-regions of the prefrontal cortex have different specializations (Hare *et al.*, [@ref27]; Davis, [@ref13]; Vanuk *et al.*, [@ref50]). However, it is important to remember that wherever the current begins in the prefrontal cortex, it still travels across multiple regions in the prefrontal cortex. While we examined distinct brain regions of the prefrontal cortex as moderators in this meta-analysis, overall, due to the nature of how the stimulation travels, all of the studies included in this meta-analysis generally stimulate the prefrontal cortex.

Variability of parameters across studies {#sec4}
----------------------------------------

tDCS is growing in popularity among social psychologists. Three tDCS and social psychology articles were published in 2005; 22 tDCS and social psychology articles were published in 2010 and 73 tDCS and social psychology articles were published in 2015 (Boggio *et al.*, [@ref7]). Despite this increased interest, there is no standard operating procedure for how to conduct a tDCS study. We have included several parameters that researchers often vary as part of our statistical models. These parameters include brain region within the prefrontal cortex, dose, duration, whether stimulation was online or offline and whether the design was within or between subjects.

![Flow chart of inclusion process for articles in analysis.](nsy069f2){#f2}

Materials and Methods {#sec5}
=====================

Eligibility criteria {#sec6}
--------------------

### Inclusion criteria and coding {#sec7}

We used three search engines for this meta-analysis: PsycINFO, PubMed, and Dissertations and Thesis Abstracts Global Proquest. These searches were conducted on July of 2017. [Figure 2](#f2){ref-type="fig"} shows a schematic flowchart of inclusion criteria (for more information, see Supplementary Materials). After undergoing extensive training by the first author, two coders extracted relevant information from the articles. Inter-rater reliability was 94%.

There were 116 relevant effects of tDCS on a dependent variable across 65 articles. Next, effect sizes from the same article were averaged (Lipsey and Wilson, [@ref38]). There was one exception to this averaging. If the researchers tested more than one area of the prefrontal cortex, each region tested was treated as an independent study. For example, authors often test the effect of left *vs* right hemisphere stimulation to the same area of interest of the prefrontal cortex to test hypotheses related to asymmetry. Ten studies did this and were treated as two separate studies, which resulted in 75 effect sizes across 65 articles.

### Determination of sub-areas of interest {#sec8}

Next, the coders sorted the 65 studies according to their dependent variables. Thirty-one articles were removed after this phase because there were not adequate studies (*k* \< 4) to assess a reliable estimate of tDCS on that outcome. The variables they identified were aggression, overeating, impulsivity, bias, cooperation, rejection, honesty and risk-taking. The coders agreed on how to categorize 48 out of 65 of these articles, resulting in an inter-rater reliability of 74%. Coding discrepancies were resolved through discussion.

![Forest plot showing effect sizes across studies.](nsy069f3){#f3}

Once we narrowed the literature to 34 articles, we identified studies that examined two different regions of the prefrontal cortex and examined them separately. After this step, our total number of experiments included in the study totaled 44 (*k* = 44, *N* = 1664). Next, we contacted authors for unpublished data. There are four unpublished studies in this meta-analysis, resulting in a final number of *k* = 48, *N* = 2196.

The average sample size in this meta-analysis is *N* = 60, standard deviation (s.d.*)* = 50. Therefore, there was a large range of sample sizes, with some studies having low power. The smallest study included had 14 participants, and the largest had 224 participants.

Planned analyses {#sec9}
----------------

Overall effect sizes were computed using random effects models from the Lipsey & Wilson macro from their book *Practical Meta-Analysis* (2001). Moderation was tested with analog analysis of variances (ANOVAs) for the categorical moderators and with regressions on continuous moderators. Publication bias was assessed with both the trim and fill method (Duval and Tweedie, [@ref17]; Duval, [@ref16]) and the PET--PEESE method (Stanley, [@ref48]; Stanley and Doucouliagos, [@ref49]).

Results {#sec10}
=======

Study characteristics {#sec11}
---------------------

### Results of individual studies {#sec12}

[Figure 3](#f3){ref-type="fig"} shows a forest plot of all of the studies included in this meta-analysis. The squares represent the effect sizes of each individual study included in the meta-analysis. The lines show 95% confidence intervals for each study included in the meta-analysis. The 95% confidence intervals for each study are also written on the side of the plot. This is a visual representation of the size of effects and variability in each study included. At the bottom, the overall effect size is shown visually. The supplemental materials of this paper include a table of all studies included.

Effect sizes and moderators in the overall model {#sec13}
------------------------------------------------

### The overall effect of tDCS {#sec14}

Overall, across domains, tDCS reduced maladaptive problems by a small but significant amount, *d* = −0.20, s.d.*~weighted~* = 0.45, *P* \< 0.001. There was a significant heterogeneity in this model, *Q*(45) = 78.17, *P* = 0.002. This amount of heterogeneity is considered small (Higgins *et al.*, [@ref29]; Kovalchik, [@ref33]).

### Moderators {#sec15}

Analog ANOVAs were conducted on the three categorical moderators: (i) different brain regions, (ii) online/offline stimulation and (iii) experimental design. No significant difference was found among the five brain regions that were included in this meta-analysis, *Q* = 46.17, *P* = 0.42.

Online stimulation means the dependent variable was tested while the brain stimulator was still on, and offline stimulation means the dependent variable was tested 0--30 min after the brain stimulator was taken off. An analog ANOVA showed no significant difference between the two types of stimulation, *Q* = 52.22, *P* = 0.21.

The third analog ANOVA compared studies that used within-subjects designs and studies that used between-subjects designs. An analog ANOVA showed no significant difference between the two types of designs, *Q* = 48.22, *P* = 0.34.

Regressions were used to examine continuous moderators. The two moderators that were examined with regressions were dose of tDCS in milliamps and duration of tDCS in seconds. There was no significant effect of tDCS dose on behavior, *B* = 0.08, *Q*(45) = 48.29, *P* = 0.58. There was also no significant effect of tDCS duration on behavior, *B* = 0, *Q*(45) = 48.29, *P* = 0.39. Supplemental materials provide thorough tables about all five moderators.

The effect of tDCS in specific realms of social behavior {#sec16}
--------------------------------------------------------

### Aggression {#sec17}

tDCS did not reduce aggressive behavior by a significant amount, *d* = −0.18, s.d.*~weighted~* = 0.30, *P* = 0.19. There was not significant publication bias in this literature, *t*(4) = −0.17, *P* = 0.87.

### Overeating {#sec18}

tDCS significantly reduced maladaptive overeating by a small amount, *d* = −0.29, s.d.*~weighted~* = 0.33, *P* = 0.03. There was significant publication bias in this literature, *t*(5) = −3.58, *P* = 0.02. Using the trim and fill method, the effect size of overeating was adjusted from *d* = −0.29 to *d* = −0.15.

### Impulsivity {#sec19}

tDCS did not reduce impulsivity by a significant amount, *d* = −0.04, s.d.*~weighted~* = 0.27, *P* = 0.70. There was not significant publication bias in this literature, *t*(7) = −1.75, *P* = 0.12.

### Bias {#sec20}

tDCS significantly reduced bias by a small amount, *d* = −0.25, s.d.*~weighted~* = 0.25, *P* = 0.02 ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). There was not significant publication bias in this literature, *t*(5) = −2.34, *P* = 0.07.

### Honesty {#sec21}

tDCS did not reduce dishonest behavior by a significant amount, *d* = −0.06, s.d.*~weighted~* = 0.05, *P* = 0.57. There was not significant publication bias in this literature, *t*(2) = 0.22, *P* = 0.84.

### Risk-taking {#sec22}

tDCS significantly reduced risk-taking by a small to medium amount, *d* = −0.36, s.d.*~weighted~* = 0.47, *P* = 0.01. There was significant publication bias in this literature, *t*(11) = −2.24, *P* = 0.046. Using the trim and fill method, the effect size of risk-taking was adjusted from *d* = −0.36 to *d* = −0.35.

The supplemental materials section of this paper provides tables about the effect of tDCS on the above realms of behavior.

![Funnel plot examining publication bias in the overall model. Model: weighted regression with multiplicative dispersion, predictor: standard error. Test for funnel asymmetry: *t*(44) = −4.21, *P* \< 0.001, signifying likely publication bias.](nsy069f4){#f4}

Publication bias in the overall model {#sec23}
-------------------------------------

### Trim and fill {#sec24}

Trim and fill uses weighted standard error to estimate how many studies may be missing from the meta-analysis because they were never published (Duval and Tweedie, [@ref17]; Duval, [@ref16]). It tests for publication bias and corrects for publication bias by providing a new estimate. The trim and fill statistical test we used was a non-parametric weighed regression with multiplicative dispersion. The predictor was standard error. The test for funnel asymmetry was significant, indicating probable publication bias, *t*(44) = −4.21, *P* \< 0.001 ([Figure 4](#f4){ref-type="fig"}).

The trim and fill test corrected the effect size of tDCS on overall social behavior. The effect size computed from the random effects model above was *d* = −0.20. The adjusted effect size from the trim and fill method was *d* = −0.10.

### PET and PEESE {#sec25}

In PET--PEESE, standard errors or squared standard errors are used to predict effect sized with weighted least squares. This can be plotted as a scatterplot. The line of best fit on the scatterplot would be flat if there is no publication bias. A significant slope indicates publication bias (Stanley, [@ref48]).

Both the PET and the PEESE tests suggested publication bias in this meta-analysis. For PET, *B =* −2.05, *P* = 0.01. For PEESE, *B* = −2.63, *P* = 0.002. The supplemental materials provide a visual representation of this bias.

Discussion {#sec26}
==========

Summary of findings {#sec27}
-------------------

This meta-analysis found that there was a reliable overall effect of tDCS on reducing maladaptive social behavior. tDCS did not affect all social behaviors equally. Although tDCS did not significantly reduce aggressive behavior, impulsivity or honesty, it did reduce maladaptive overeating and bias (see Table 1). The largest effect of tDCS was on reducing risk-taking behavior, showing a small-to-medium effect size. Two methods for detecting potential publication bias suggested the presence of unpublished null findings that exist outside of the published literature. Therefore, we urge researchers and clinicians to exercise caution in drawing conclusions from these results because of the potential for publication bias to influence the strength and reliability of tDCS on social behaviors.

tDCS affected risk-taking but not impulsivity, even though these constructs share conceptual similarity. At first glance, this provokes the question of whether one domain measured accuracy more often while the other domain measured reaction time more often as the outcome variable. However, all of the tasks used in this meta-analysis for impulsivity and risk-taking were accuracy measures. This difference may be occurring because the risk-taking tasks are producing more robust effects than impulsivity tasks, but other unknown factors also may be contributing to this difference.

The broader implication of these findings is that social psychologists will benefit from developing theoretical models to identify behaviors that will be most amenable to change through the use of tDCS. Although tDCS showed the greatest effectiveness in reducing risk-taking, the size of effect indicated that numerous factors could strengthen or weaken the size of that effect. Of particular importance, our results suggest that most tDCS studies do not have adequate power to detect a valid and reliable effect on social behavior. If social psychologists wish to continue using tDCS, they will benefit the field by developing strategies to ensure they have adequate power to test their hypotheses.

Our results cast doubt on the possibility that tDCS has sufficient specificity in order to enable researchers to meaningfully test the effects of stimulation on multiple areas of the prefrontal cortex. Although electrical current is the most concentrated in the target region, it travels across the entire prefrontal cortex. Thus, researchers may consider tDCS stimulation as relatively global across larger regions such as the prefrontal cortex. A newer device called high-definition tDCS provides more focality than traditional tDCS and is useful for researchers seeking to stimulate smaller regions of the brain (Edwards *et al.*, [@ref18]). With regard to focality, researchers can also use current dispersion models to help them chose appropriate electrode placements, especially when choosing the location of the reference electrode (Bikson *et al.*, [@ref6]).

Limitations {#sec28}
-----------

One limitation of this meta-analysis is lack of consistency in tDCS paradigms. There is no gold standard for how to conduct tDCS. A push for standard guidelines with tDCS is needed. While conferences and conceptual papers discuss a variety of best practice ideas, the field will benefit from a standard operating procedure on the parameters with which tDCS should be conducted.

A second limitation is that we were unable to examine the potential impact of several moderators because most authors do not report them. For example, few authors reported the amount, salinity and sterility of saline used. Because saline conducts the electricity, it is an important parameter to examine because it could change the magnitude of the stimulation. Another parameter often not reported is if the electrodes were held on the head by a headband and if so, the headband's tightness. A tighter attachment of the electrode would increase the amount of electricity getting into the brain, which may influence the strength of the predicted effect. Additionally, exclusion criteria for participants vary, including whether researchers test people who take psychotropic medicine and if so, which ones. This is important because certain medications can increase the magnitude of tDCS, including selective serotonin reuptake inhibitors (SSRIs) (Nitsche *et al.*, [@ref42]; Brunoni *et al.*, [@ref8]; Kou *et al.*, 2016) and amphetamines (Liebetanz *et al.*, [@ref37]; McLaren *et al.*, [@ref41]).

In addition, recent research indicates that tDCS may be most effective after multiple sessions (Mancuso *et al.*, [@ref40]). This paper did include studies that had multiple sessions, but only included results from session 1, to make studies across this meta-analysis more comparable. However, multiple sessions could be a key factor in the efficacy of tDCS.

Finally, site of the reference electrode varies quite a bit. This is perhaps the most pressing variation across these studies, as reference electrode placement is a key factor in where the current goes (Bikson *et al.*, [@ref6]). Supplementary Table S1 highlights this lack of standardization. More standardization in this emerging field could help make findings more appropriate to compare.

Concluding remarks {#sec29}
------------------

The results of this meta-analysis are promising. While there is potential for publication bias in this literature, we found that tDCS was effective at reducing maladaptive social behaviors. In addition, tDCS affected some social behaviors more than others. These differences can help guide future research.

Social psychologists have long been fascinated with the relationship between brain function and social behavior. tDCS offers a relatively inexpensive, easy-to-use tool to learn more. Brain stimulation has only become a popular tool to investigate social behavior in the past 10 years. We may be on the frontier of exciting discoveries about how neuromodulation can influence social behavior.

Supplementary Material
======================

###### 

Click here for additional data file.
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